This chapter describes the fabrication of a novel modified polyethylene (PE) membrane using plasma technology to create high-performance separator membrane for practical applications in rechargeable lithium-ion polymer battery. The surface of PE membrane as a separator for lithium-ion polymer battery was modified with acrylonitrile via plasmainduced coating technique. The plasma-induced acrylonitrile coated PE (PiAN-PE) membrane was characterized by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and contact angle measurements. The electrochemical performance of lithium-ion polymer cell assembly fabricated with PiAN-PE membranes was also analyzed. The surface characterization demonstrates that the enhanced adhesion of PiAN-PE membrane resulted from the increased polar component of surface energy. The presence of PiAN induced onto the surface of PE membrane via plasma modification process plays a critical role in improving the wettability and electrolyte retention, the interfacial adhesion between the electrodes and the separator, and the cycle performance of the resulting lithium-ion polymer cell assembly. This plasma-modified PE membrane holds a great potential to be a promising polymer membrane as a high-performance and cost-effective separator for lithium-ion polymer battery. This chapter also suggests that the performance of lithium-ion polymer battery can be greatly enhanced by the plasma modification of commercial separators with proper functional materials for targeted application.
Introduction
As there is a growing demand for high-performance rechargeable batteries used in portable electronic equipments, mobile products, and communication devices, lithium-based batteries as a power source are of great scientific interests. Among many types of rechargeable batteries, lithium-ion polymer batteries hold potential to be used in industries, because they can be produced in a variety of forms and thus make it possible to fabricate readily portable batteries in required shapes for various electronic applications (Scrosati, 1993) .
A separator placed between a cathode and an anode is one of critical components in the rechargeable lithium batteries. Its primary function is to effectively transport ionic charge carriers between the two electrodes as an efficient ionic conductor as well as to prevent the electric contact between them as a good electric insulator (Linden & Reddy, 2002; Besenhard, 1999) . A separator should be chemically or electrochemically stable and have mechanical strength sufficiently enough to sustain battery-assembly processes (Besenhard, 1999; Zhang, 2007; Arora & Zhang, 2004) . In addition, a separator has a significant effect on the manufacturing process and the performance of rechargeable lithium batteries. Commercially available porous polyolefin separators have good mechanical and thermal properties and effectively prevent thermal runaway caused by electrical short-circuits or rapid overcharging. However, they do not readily absorb the electrolyte solvents with high dielectric constants such as ethylene carbonate, propylene carbonate, and -butyrolactone due to their hydrophobic surface with low surface energy, and have poor ability in retaining the electrolyte solutions (Wang et al., 2000; Lee et al., 2005) . In addition, the solvent leakage from the interfaces between electrodes or the opposite side of current collectors often causes the deterioration of life cycle of the rechargeable lithium batteries (Croce et al., 1998) . To overcome these drawbacks of conventional polyolefin separators, much research has been undertaken to develop alternative separators that are compatible with polar liquid electrolytes and stable with the electrode materials (Michot et al., 2000; Huang & Wunder, 2001; Song et al., 2002; Saito et al., 2003) . A number of efforts have been made to achieve high-performance polyolefin separators by coating them with gel polymer electrolytes to improve the compatibility with various electrolyte solutions as well as the electrochemical properties of the lithium-ion polymer batteries (Abraham et al., 1995; Kim et al., 2001; Wang et al., 2002) . Although these surfacemodified polyolefin separators exhibit good mechanical and thermal properties as well as the degree of compatibility with the electrolyte solutions, they still have several disadvantages such as complex multi-step processes and relatively expensive modification of the surface of hydrophobic polyolefin separator with adequate hydrophilic monomers to increase the surface energy enough to absorb the electrolyte solutions. Among the numerous methods of the surface modification of polyolefin separators, the radiation process is one of the most promising methods due to the rapid formation of active sites for initiating the reaction through the polymer matrix and the uniformity of polymers over the entire specimens (Tsuneda et al., 1993) . In addition, plasma process is a preferred and convenient technique when considering a large scale production or commercialization of the membrane. However, studies on the surface modification of polyolefin separators using the plasma technology have rarely been investigated to date. In this chapter, we describe the fabrication of a novel modified polyethylene (PE) membrane by coating the plasma-induced acrylonitrile (PiAN) onto the surface of PE membrane using plasma technology in order to create high-performance separator membranes for practical applications in rechargeable lithium-ion polymer batteries. An acrylonitrile was chosen as a polymeric coating material for the surface of PE membranes because of its chemical stability and ability to be easily wetted by the electrolyte solution for use in the lithium-ion polymer batteries (Choe et al., 1997; Akashi et al., 1998) . Attempts to coat the PiAN on the surface of a porous PE membrane and to fabricate the plasma-induced AN coated membrane (PiAN-PE) have not been previously investigated, and the study on the characterization of PiAN-PE membranes have not yet been reported in the literature. This is the first study of possible realization of PiAN-PE membrane as a separator, and will help in preliminary evaluation and understanding of PiAN-PE membrane as a separator for the lithium-ion polymer battery. This study also suggests that PiAN-PE membrane via plasma treatment holds a great potential to be used as a high-performance cost-effective separator for lithium-ion polymer batteries.
Fabrication of separators for lithium-ion polymer battery 2.1 General features
The separator is a critical component in the lithium-ion polymer battery, and its primary function is to facilitate ionic transport between the electrodes as well as to prevent the electric contact of the electrodes. However, the presence of the separator in lithium-ion polymer battery induces electrical resistance and limited space inside the battery to satisfy the need for slimming and safety, which significantly influences the battery performance. Thus, the fabrication of high-performance separators plays an important role in controlling the overall performance of lithium-ion polymer battery, including high power or energy density, long cycle life, and excellent safety. For many design options, the separator design requirements have been proposed by many researchers, and a number of factors influencing the battery performance must be considered in achieving high-performance separators for the battery applications. Among a wide variety of properties for the separators used in the lithium-ion battery, the following criteria should be qualified to fabricate the separators for lithium-based battery (Arora & Zhang, 2004) : (a) electronic insulator, (b) minimal electric resistance, (c) dimensional stability, (d) mechanical strength enough to allow the assembly process, (e) chemical stability against degradation by electrolyte or electrode reactants, (f) effective prevention of the migration of particles or soluble species between the electrodes, (g) good wettability on electrolyte solution, and (h) uniform thickness and pore distribution. General requirements of the separators for lithium-ion batteries are summarized in Table 1 Most of microporous polymer membranes currently used in the lithium-ion polymer battery is based on polyolefin resins, including polyethylene (PE), polypropylene (PP) and their blends or multilayer forms such as PE-PP and PP-PE-PP (Higuchi et al., 1995; Sogo, 1997; Hashimoto et al., 2000; Fisher & Wensley, 2002; Lee et al., 2004) . Usually, the microporous polymer membrane as a separator for lithium-ion polymer battery can be fabricated by dry and wet processes, including the extrusion step to make thin films and the orientation steps to impart porosity and increase mechanical strength (Bierenbaum et al., 1974; Kim & Lloyd, 1991) . The separators made by dry process show a distinct slit-pore and straight microstructure, while those made by wet process exhibit interconnected spherical or elliptical pores (Zhang, 2007) . The dry process for polymers with high crystallinity consists of the following steps (Yu & Dwiggins, 1997; Yu, 2000; Chandavasu et al., 2004; Yu, 2005) : (a) extruding step (polyolefin resins are melt-extruded into a uniaxially oriented film), (b) annealing step (to improve the size and lamellar crystallites), and (c) stretching step (i.e., annealed films are deformed along the machine direction by three sequential processes of cold stretching to create the pore structure, hot stretching to increase the size of pores, and relaxation to reduce internal stresses within the films). Consequently, the porosity of microporous membranes depends on the morphology of films, annealing conditions and stretching ratios (Arora & Zhang, 2004; Zhang, 2007) . The wet process for both crystalline and amorphous polymers is performed as follows (Kesting, 1985; Weighall, 1991; Yen et al., 1991; Chung et al., 1993; Kim et al., 1993) : (a) mixing of hydrocarbon liquid and other additives with polyolefin resins and heating, (b) extrusion of the heated solution into a sheet, orientating the sheet uniaxially or biaxially, and (c) extraction of the liquid with a volatile solvent to form the microporous structure (Bierenbaum et al., 1974; Takita et al., 1991) . For semi-crystalline polymers, a stretching step can be performed before/after the extraction step to achieve high porosity and a large pore size (Ihm et al., 2002) . However, commercially available polyolefin separators cannot satisfy the enhanced battery characteristics and stability accompanied by the need for sliming various devices required in the actual industrial field. Accordingly, the physical properties of polyolefin separator must be improved in order to be applied as a separator for high-performance and high-safety lithium-ion polymer battery. In addition, commercial polyolefin separators cannot be wet easily organic electrolyte solutions with high dielectric constant usually used in lithium battery, and have poor ability in conserving the electrolytes during the repeated cycling process. Further, they have a shortcoming since it causes a phenomenon of leaking organic electrolyte solutions between electrodes or separators, thereby lowering the cycle life performance of lithium-ion polymer battery. Future development of polymer membranes as separators for lithium-ion polymer batteries will be performed by balancing high performance of separators against their safety and manufacturing cost.
Plasma treatment techniques
Plasma treatment methods have been developed to modify polymer surfaces for enhanced adhesion, wettability, printability, dye-uptake, etc., and usually performed by modifying the surfaces on only several molecular levels, thus allowing the surface functionalization of polymers without sacrificing their appearance and bulk properties (Liston et al., 1994) . Plasma is a chemical process and its chemistry determines on polymers. Among several plasma processes, cold gas plasma treatments are used in processing of them. Cold gas plasma generally has very low temperature (300~600 K) and particle density of 10 10~1 0 12 no./cm 3 , suitable for modifying polymer materials (Kapla & Rose, 2006) . Exposing gases to sufficient electromagnetic power dissociate them, and create chemically reactive gases that modify the exposed surfaces. At the atomic level, plasma consists of ions, electrons, and various neutral species at different energy levels. One of the excited species is free radicals, which can directly react with the surface of polymers, leading to remarkable modifications to their chemical structures and properties. The generated ions and electrons collide with the atoms of surfaces, and transfer energy to form more radicals, ions, and atoms. The general reactions induced by means of cold gas plasma, depending on the substrate, gas chemistry, reactor design, and operating parameter, are as follows (Liston et al., 1994; Shishoo, 2007) : (a) cleaning to remove organic contamination from the surfaces, (b) ablation or etching of materials form the surface of polymer to remove a weak boundary layer and increase the surface roughness and area, (c) crosslinking of near-surface molecules, to cohesively strengthen the surface layers, (d) activation by creating reactive sites, grafting of chemical moieties and functional groups to modify the chemical structures of polymer surfaces, and (e) polymerized deposition of thin polymeric films on the surface. Various gases used for plasma reactions are presented in Table 2 . As oxygen gas plasma breaks the C-C bonds of polymers, volatile monomers or oligomers ablate at shorter molecules, and they are cleaned with the exhaust. After cleaning, the plasma begins ablating the top layer of polymers. Amorphous and crystalline regions will be removed at different rates, producing the surface topology with a view to increasing the mechanical adhesion. On the contrary, noble gases such as argon and helium generate free radicals on the surface and they react with adjoining radicals of molecules to form crosslinks. This process increases the strength, temperature resistance, and solvent resistance of the surface of polymers. Unlike ablation and crosslinking, certain gas or mixture of gas generate free radicals on the surface and then react with radicals of functional molecules in the plasma by covalent bonding. In particular, oxygen and tetrafluoromethane gas plasma do oxidative reaction and form polar groups such as carboxyl, hydroxyl, and hydroperoxyl on the molecules. This oxidation increases the surface energy, and enhances the hydrophilicity and wettability of polymers. If use with substances such as fluoro-monomers and acrylic-monomers, the polymerization will take place. This process provides permanent coating of thin films on the surface of polymers. In general, fluoro-monomer gas plasma provides a low surface energy and hydrophobic surfaces, while acrylic-monomer gas plasma induces permanent hydrophilicity and wettability without mixing of other gases.
Plasma reactions Gas Cleaning
Oxygen Ablation/Etching Argon, Helium, Oxygen Crosslinking
Oxygen-free noble gases such as argon and helium Activation Ammonia, Argon, Helium, Methane, Nitrogen, Tetrafluoromethane Polymerization
Fluoro-monomers (Hexafluoroethylene, Perfluoroallylbenzene, Pentafluorostyrene, etc.) Acrylic-monomers (Acrylic acid, Acrylonitrile, Alkyl acrylates, etc.) Recently, a number of efforts have been made up to develop the performance of separators by means of plasma treatment technology, because it is very efficient techniques to modify the surface properties of polymer membranes without producing impurities or sacrificing their properties. Kubota treated PP separator film with nitrogen gas plasma to create polymeric radicals for utilizing the graft polymerization-initiating sites, followed by immersion with acrylic monomer solution and polymerization at 65 o C, and the resultant separators showed the increased ionic conductivity (Kubota, 1993) . For nikel-metal secondary battery, Tsukiashi et al. modified PP non-woven fabric separators by means of the technique of gas plasma treatment using several gases such as oxygen, nitrogen, and argon to increase their surface hydrophilicity and they reported that the modified PP nonwoven fabric separators with the contact angle below 100 o showed the increased capacity retention (Tsukiashi et al., 2003) . Ciszewski et al. reported the results of the plasma-induced graft polymerization of acrylic acid under UV irradiation using microporous PP membranes for nickel-cadmium (Ni-Cd) battery. (Ciszewski et al., 2006; Ciszewski et al., 2007) . They modified PP membranes by argon plasma treatment to create grafting sites, followed UV irradiation to covalently-bond acrylic acid to the surface of PP, and suggested that hydrophobic surface of PP membrane changed into hydrophilic via this technique and the resulting PP membrane as a separator for Ni-Cd cells showed good mechanical properties and very low electrolytic area resistance. Choi et al., reported that the electrospun poly(vinylidene fluoride) nanofiber web treated with ethylene plasma could provide the web surface with low melting PE layer, in which polymerized-PE layer could act as a shutter by melting at elevated temperature, thus contributing to the safety of battery (Choi et al., 2004) . More recently, we reported the fabrication of plasma-modified PE membrane as a separator for lithium-ion polymer battery, in which the surface of microporous PE membranes was modified with acrylonitrile using the plasma-induced coating process and the lithium-ion polymer battery cells fabricated with the modified PE separator showed the enhanced cycling life and rate performance (Kim et al., 2009 ).
Plasma-modified polyethylene separator membrane
Urethane acrylate (UA) and hexyl acrylate (HA) were supplied by Samsung Cheil Industry, Korea, and were used without further purification. A 2,2-azobis(2,4-dimethylvaleonitrile) (V-65®, Wako Pure Chem., Japan) was used as an initiator. The electrolyte solution of 1.3 M lithium hexafluorophosphate (LiPF 6 ) dissolved in the mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl carbonate (DEC) (EC:EMC:DEC=3:2:5, by volume, battery grade) was supplied by Samsung Cheil Industry, Korea. An acrylonitrile (AN, degree of purity >98%, Aldrich) was used as received without further purification. The gel polymer electrolyte was prepared as follows: UA/HA (3:1, by weight) in the presence of an initiator were dissolved in the above electrolyte solution by stirring at room temperature to achieve better homogenization, and they were polymerized at 75 o C for 4 h to produce the cross-linked gel polymer electrolytes by thermal curing. All procedures were performed in a glove box filled with argon gas.
The system consists of the reactor equipped with the inner electrodes to which an alternating voltage was applied at a frequency of 13.56 MHz, an RF power supply with an impedance matching network, and a vacuum pump. Commercial porous PE membranes (Asahi Chem., Japan) were dipped in AN solution for 5 min, and they were moved into the reactor. Subsequently, the dipped PE membranes were placed between the electrodes in the reactor where the plasma-induced coating was initiated by the plasma generation. Prior to starting up the plasma treatment, plasma reactor was evacuated, and argon gas was introduced into the reactor at a flow rate of 400 sccm using unit mass flow controller. Then, the vacuum pressure of the plasma reactor was maintained at a constant value of 10 -3 Torr. The electrical power of the plasma was supplied by an RF power operating at 300W and the treatment time was 10 min.
The cathode was prepared by coating the slurry consisting of 96% lithium cobalt oxide (LiCoO 2 ) with 2% poly(vinylidene fluoride) (PVDF) as a binder and 2% acetylene black as a conducting agent in a N-methyl pyrrolidone (NMP) solvent onto aluminum foils. The graphite anode was prepared by coating the slurry of 94% graphite with 6% PVDF onto copper foils. The lithium-ion polymer cells were assembled in the form of the aluminum pouch by sandwiching PE or PiAN-PE membrane between LiCoO 2 cathode and graphite anode. After assembling the cell, polymer precursor solution was injected into the aluminum pouch, which then was vacuum-sealed. Polymer precursor in the cell was thermally cured in the heating oven at 75 o C for 4 h to form cross-linked gel polymer electrolytes. The prepared cells were cycled once at 0.2 C rate to improve the wetting of gel polymer electrolytes and to form stable solid electrolyte interphase (SEI) layers on the electrode surface. XPS spectra were obtained on a VG ESCALAB 220-I system using Mg K X-radiation as the excitation source with a pass energy of 1253.6 eV. XPS analysis was performed under high vacuum conditions (10 -9 Torr). All binding energies were referenced to the C 1s neutral carbon peak at 284.6 eV. The membrane surfaces were characterized by contact angle measurements. Water contact angle was determined by means of the sessile drop method, and the water droplet was limited to about 0.5 l to prevent gravitational distortion of its spherical profile. The surface energies of PE and PiAN-PE membranes were calculated by measuring the contact angle of two testing liquids: water and diiodomethane on the surface of the membranes at room temperature using a contact anglemeter G-1 model (ERMA Inc.). The morphology of PE and PiAN-PE membranes were observed using a JEOL JSM-6340F SEM. The peel strength was measured at room temperature by a T-peel test using an Instron 4465 testing machine employing the crosshead speed of 10 mm/min, according to the procedures in the ASTM D1876 standard. The membranes, immersed in the electrolyte solutions consisting of 1.3 M LiPF 6 and EC:EMC:DEC (3:2:5) mixture, were sandwiched between two stainless-steel electrodes. The ionic conductivity of the membranes was obtained from the bulk resistance, which measured by AC complex impedance analysis using a Solartron 1255 frequency response analyzer over the frequency range of 100 Hz to 1 MHz. The charge and discharge cycling tests of the lithium-ion polymer cell were conducted in the voltage range of 3.0~4.2 V at a constant current density at room temperature using a TOSCAT-300U instrument (Toyo System Co.)
Effect of plasma modification on polyethylene membrane
4.1 Surface properties XPS spectra of PE and PiAN-PE membranes are shown in Figure 1 . XPS analysis was performed to clarify the surface elemental composition for the membranes. XPS spectrum of PE membrane exhibited the presence of only carbon as observed at 284.6 eV, corresponding to C 1s core level. However, PiAN-PE membrane exhibited intense and narrow peak at 532.5 eV and very weak intensity peak centered at 400.5 eV, corresponding to O 1s and N 1s core levels, respectively, as well as C 1s core level for PE membrane, as shown in Figure 1(b) . As shown in Figure 1(c) , XPS spectra of C 1s core level for PiAN-PE membrane can be decomposed into five contributions appearing at 284.6, 285.5, 286.2, 287.6, and 289.1 eV. These observed peaks were assigned to C-C/C-H, C-O, C-N, C=O, and -COO groups formed on the surface of PiAN-PE membrane originating from PE membrane and AN. The -CH and -CH 2 (of pristine PE), oxidized (-C=O, -COO, -COC-), and -C=C-groups were reported to present in Ar plasma treated high density polyethylene (Svorcik et al., 2006) . The percentage contributions of the C 1s components of PiAN-PE membrane are shown in Table 3 . After the plasma-induced coating process, the contribution of the C-N groups in the XPS spectra of C 1s core level for PiAN-PE membrane was 7.55%, which was attributed to the presence of PiAN in the membrane. This result demonstrates that PiAN was effectively induced onto the surface of PE membrane via plasma treatment. Fig. 1 . XPS spectra of (a) PE and (b) PiAN-PE membranes and high resolution spectra of C 1S core level for PiAN-PE membranes. The inset of Fig. 1(b) shows N 1S core level spectra of PiAN-PE membranes Table 3 .
XPS analysis of PE and PiAN-PE membranes
The contact angle measurements of PE and PiAN-PE membranes were conducted to clarify the effect of PiAN on the surface property of the membrane. For the lithium-ion polymer cell assembly, the wettability of the separator used in the non-aqueous electrolytes plays a critical role in the cell performance because the separator with good wettability can effectively retain the electrolyte solutions and facilitates the electrolytes to diffuse well into the cell assembly (Arora & Zhang, 2004; Zhang, 2007) . As shown in Figure 2 , the contact angle of PiAN-PE membranes significantly decreased, indicating significant change of the surface property of PE membranes. The contact angle of PiAN-PE membrane was much smaller than that of PE membrane, implying that PiAN-PE membrane has better wettability as compared to PE membrane. This result demonstrates that the surface energy of PiAN-PE membrane increased by the presence of PiAN on the surface of the membrane effectively induced via plasma treatment. Therefore, it is expected that the presence of PiAN on the surface of the membranes makes it possible for them to have high surface energy to be wetted more sufficiently in the electrolyte solution as compared to PE membrane.
Fig. 2. Contact angles of PE and PiAN-PE membranes
The surface energy and its polar component of the PE and the PiAN-PE membranes can be estimated from the Qwens-Wendt equation modified by Fowkes and Kinloch (Owens & Wendt, 1969; Konloch, 1987; Novak & Chodak, 2006; Novak et al., 2008) :
where  is the observed contact angle;  LV and  S are the surface free energy of testing liquid and a polymer, respectively, and the superscript d and p refer to the dispersive and polar components of surface energy, respectively. The preferred values of the surface energy and its components for two testing liquids used are as follows:  L = 72.8,  L d = 21.8, and  L p = 51.0 mJ/m 2 for water and  L = 50.8,  L d = 50.4, and  L p = 0.4 mJ/m 2 for diiodomethane (Wu, 1982) . The results for the surface energy of PE and PiAN-PE membranes are presented in Table 4 . The PiAN-PE membrane exhibited higher values of  S ,  S p , and X p than those of PE membrane. This result indicated that the presence of the PiAN in the membrane effectively induced via plasma-induced coating process increased the fraction of polar component in the surface energy of PiAN-PE membrane, resulting in the enhanced polarity and higher surface energy of PiAN-PE membrane. It should be noted that the increased polar component in the surface energy of PiAN-PE membrane can favor the enhancement of the interfacial adhesion between the membrane and the electrodes, thus contributing to the improvement in the cycle performance of the lithium-ion polymer cell assembly. Figure 3 . The PE membranes had highly porous structures with uniform pore sizes of approximately 200 nm.
Materials
According to the supplier's specification, PE membranes exhibit a pore structure with the thickness of 23 m and the porosity of ~40%. After the plasma-induced coating process, PiAN-PE membranes exhibited rough surfaces and expanded pore structure relative to the PE membranes. The surfaces of PiAN-PE membrane appeared to be porous structures with some dense or coated layers. This result suggests that some pores or surfaces for PiAN-PE membranes may be partially covered by the PiAN. In addition, the PiAN covered in both top and bottom sides of the surface of PiAN-PE membrane can be also observed, implying that the PiAN were introduced simultaneously into both sides of the surface of PiAN-PE membrane via this plasma-induced coating process. In general, the presence of the pores on the membrane can lead to the efficient uptake of the electrolyte solution. Although both membranes were easily wetted in a few seconds in contact with the electrolyte solution, PiAN-PE membranes exhibited better wettability than PE membrane. This result was in good agreement with much lower contact angle and higher surface energy of PiAN-PE membranes as compared to the PE membranes. 
Ionic conductivity and adhesion
For the liquid electrolyte-based system, the ionic conduction may be mainly provided by the electrolyte solution, and the variation of the ionic conductivity is related to the polymer morphology and microstructure of the membrane for the retention of the electrolyte solution (Linden & Reddy, 2002) . The ionic conductivities of PE and PiAN-PE membrane at room temperature were estimated to be 0.8  10 -3 and 1.4  10 -3 S/cm, respectively. In general, non-polar polyethylene separators exhibited poor wettability and electrolyte retention with the electrolyte solutions containing polar solvents, due to their inherent hydrophobic properties. For PE membrane, it was difficult to be completely wetted by organic solvents with high dielectric constant because of its hydrophobic surface with low surface energy, leading to lower ionic conductivity. However, PiAN-PE membrane exhibited better electrolyte retention as compared to PE membrane due to its good compatibility between the PiAN and the carbonate-based electrolyte solution, resulting from the fact that the electrolyte solution was well retained in the porous membrane by polymer-solvent interactions with the presence of the PiAN induced onto the surface of PiAN-PE membrane. Therefore, PiAN-PE membrane exhibited high ionic conductivity due to the improved wettability and electrolyte retention, resulting from the presence of the PiAN induced onto the surface of PiAN-PE membrane by the plasma treatment.
The peel testing of PE and PiAN-PE membranes was performed to clarify the effect of the PiAN induced onto the surface of PE membrane via plasma-induced coating process on the interfacial adhesion between the electrodes and the membrane. As shown in 
Cycle performance of lithium-ion polymer battery
The lithium-ion polymer cells fabricated with PE or PiAN-PE membranes were subjected to charge-discharge tests after preconditioning with cut-off voltages of 4.2 V for the upper limit and 3.0 V for the lower limit at 1 C rate. The charge-discharge profiles of the fabricated lithium-ion polymer cells with cycle number are shown in Figure 4 . It can be seen that the voltage drop in passing from charge to discharge was small, indicating the lower resistance of the lithium-ion polymer cell. As cycle number increased, the voltage and capacity decreased, which was attributed to the high polarization resulting from the increased internal resistance of the cell and the decrease in the diffusivity of the lithium ion in the electrode (Avora & Zhang, 2004; Zhang, 2007) . As shown in Figure 4 , the discharge capacity of the lithium-ion polymer cell fabricated with PiAN-PE membrane was higher than that of the cell with PE membrane. The plasma-induced PiAN coating process can enhance the interfacial adhesion between the electrodes and the separator, which were interfacial resistance of the cell, resulting in higher cycle performance of the lithium-ion polymer cell fabricated with PiAN-PE membrane. The variations of the coulombic efficiency of the lithium-ion polymer cell with cycle number are shown in Figure 5(a) . In general, the coulombic efficiency can be defined as the ratio of the discharge capacity to charge capacity. The relatively low coulombic efficiency of both membranes during the initial cycling was attributed to the formation of SEI layers on the surface of the graphite electrode (Morzilli et al., 1987; Aurbach et al., 1994; Zhang et al., 2001) , providing the good stability to the graphite anode toward the electrolyte reduction during lithium intercalation-deintercalation. The coulombic efficiency of the cell tended to increase with increasing cycle number, and gradually approached to unit value (>99.5%). The discharge capacities of the lithium-ion polymer cells fabricated with PE or PiAN-PE membranes with cycle number are shown in Figure 5(b) . The discharge capacity of the cell was slowly decreased with increasing cycle number. The decrease in the discharge capacity may be attributed to the deterioration of the interfacial contact of the electrodes and the physical changes in the active materials for the electrodes (Avora & Zhang, 2004; Zhang, 2007) , leading to the gradual increase in the internal resistance of the cell during the repeated charge-discharge cycling. After 96th cycles, the lithium-ion polymer cell fabricated with PiAN-PE membrane retained 80.3% of the initial discharge capacity, while the cell with PE membrane showed 76.4% of that. Higher discharge capacity of the lithium-ion polymer cell fabricated with PiAN-PE membrane may be attributed to the enhanced wettability and the reduced interfacial resistance (Kim et al., 2004) . This result suggests that the PiAN effectively induced on the surface of the membranes play a critical role in determining the cycle performance of the lithium-ion polymer cell and that stable cycle performance can be obtained by modifying the surface of PE membrane with the plasma-induced coating process. The rate capabilities of the lithium-ion polymer cells fabricated with PE or PiAN-PE membranes with cycle number are shown in Figure 6 . The lithium-ion polymer cells fabricated with PE or PiAN-PE membranes exhibited the capacity retentions of 90.3 and 93.1%, respectively, at 0.5 C rate, and then decreased clearly with increasing the current rate. The lithium-ion polymer cells fabricated with PiAN-PE membranes exhibited higher capacity retention than in the case of PE membrane. As compared to PE membrane, better rate capability of the cell fabricated with PiAN-PE membrane may be attributed to the enhanced interfacial adhesion between the electrodes and the separator as well as better wettability and the electrolyte retention. This result demonstrates that good cycle performance of the lithium-ion polymer cells can be obtained by using a novel modified PiAN-PE membrane with simple plasma treatment, suggesting that PiAN-PE membrane is expected to be a promising polymer membrane as a high-performance and cost-effective separator for rechargeable lithium-ion polymer batteries. Next generation lithium ion batteries for electrical vehicles 70
Summary
The separator is a critical component in the lithium-ion polymer batteries, and its primary function is to facilitate ionic transport between the electrodes as well as to prevent the electric contact of the electrodes. This chapter describes the fabrication of a novel modified polyethylene membrane via plasma-induced coating process to create high performance and cost-effective separator membranes for practical applications in rechargeable lithium-ion polymer battery. The enhanced interfacial adhesion and cycle performance of the lithiumion polymer cell fabricated with modified polyethylene membrane by plasma-induced coating process were observed. The surface modification of polyethylene membrane by the plasma-induced coating process played a critical role in determining the performance of the resultant lithium-ion polymer cell assembly. The plasma-modified polyethylene membrane exhibited the increased ionic conductivity, the good wettability, and the enhanced interfacial adhesion between the electrodes and the separators. Consequently, the lithium-ion polymer cell fabricated with the plasma-modified polyethylene membrane exhibited better cycle performance as compared to the unmodified polyethylene membrane. This chapter suggests that the performance of the lithium-ion polymer battery can be greatly enhanced by the plasma modification of the commercial separator with proper materials for targeted application. Future development of microporous polymer membranes as separators for lithium-ion polymer batteries will be performed by balancing high performance of separators against their safety and manufacturing cost.
